The efficiency of evanescent coupling between a silica optical fiber taper and a silicon photonic crystal waveguide is studied. A high-ref lectivity mirror on the end of the photonic crystal waveguide is used to recollect, in the backward-propagating fiber mode, the optical power that is initially coupled into the photonic crystal waveguide. An outcoupled power in the backward-propagating fiber mode of 88% of the input power is measured, corresponding to a lower bound on the coupler efficiency of 94%. © 2004 Optical Society of America OCIS codes: 060.1810, 130.3120. Evanescent coupling between optical fiber tapers 1 and photonic crystal waveguides 2,3 (PCWGs) allows highly efficient and mode-selective interfacing between fiber optics and planar photonic crystal (PC) devices. Circumventing the intrinsic spatial and refractive-index mismatch of fiber to PCWG end-fire coupling, 4 this coupling scheme takes advantage of the strong dispersion and undercut geometry inherent to PC membrane structures to allow efficient power transfer between modes of a PCWG and a f iber taper. The coherent interaction over the length of the coupling region between phase-matched modes of each waveguide manifests in nearly complete resonant power transfer between waveguides, and varying the position of the fiber taper makes it possible to tune the coupling strength and phase-matching frequency, allowing the dispersive and spatial properties of PCWG modes to be eff iciently probed.
Evanescent coupling between optical fiber tapers 1 and photonic crystal waveguides 2, 3 (PCWGs) allows highly efficient and mode-selective interfacing between fiber optics and planar photonic crystal (PC) devices. Circumventing the intrinsic spatial and refractive-index mismatch of fiber to PCWG end-fire coupling, 4 this coupling scheme takes advantage of the strong dispersion and undercut geometry inherent to PC membrane structures to allow efficient power transfer between modes of a PCWG and a f iber taper. The coherent interaction over the length of the coupling region between phase-matched modes of each waveguide manifests in nearly complete resonant power transfer between waveguides, and varying the position of the fiber taper makes it possible to tune the coupling strength and phase-matching frequency, allowing the dispersive and spatial properties of PCWG modes to be eff iciently probed. 5 In previous work 2, 5 the coupling efficiency of this technique was studied by analyzing the signal transmitted through the f iber taper as a function of wavelength and fiber taper position. Although transmission measurements are suff icient to infer the efficiency of this coupling scheme, a measurement of power coupled into and then back out of a PCWG is of interest since it allows the lower bound of the input-output coupling efficiency to be directly established. By studying light coupled into a PCWG, ref lected by an end mirror at the PCWG termination, and then coupled into the backward-propagating fiber mode, we show in this Letter that this coupling scheme has near-unity eff iciency.
Figure 1(a) shows an illustration of the fiber taper evanescent coupling scheme. A f iber taper, formed by simultaneously heating and stretching a standard single-mode fiber until it has a minimum diameter of roughly 1 mm, is positioned above and parallel to an undercut planar PCWG. The small diameter of the fiber taper allows the evanescent tail of its fundamental mode to interact with the PCWG, and the undercut geometry of the PCWG prevents the fiber taper from radiating into the PC substrate. A schematic detailing the optical path within the fiber taper and the PCWG is shown in Fig. 1(b) . To spectrally characterize the taper -PCWG coupler, an external-cavity swept-wavelength source with a wavelength range of 1565-1625 nm was connected to the f iber taper input by means of a 3-dB coupler. At the f iber taper output a photodetector (D T ) was connected to measure the transmitted power past the taper -PCWG coupling region. An additional photodetector (D R ) was connected to the second 3-dB coupler input to measure the light ref lected by the PCWG.
The PCWGs used in this work were fabricated from a silicon-on-insulator wafer. The airholes were patterned in the 300-nm-thick silicon layer with standard electron-beam lithography and dry etching techniques, after which the suspended membrane structure was created by selective removal of the 2-mm-thick underlying silicon dioxide layer with a hydrof luoric acid wet etch. To form the PCWGs a grade in hole radius was introduced along the transverse direction of a compressed square lattice of airholes, 6 as shown in Figs. 2(a) and 2(b). Coupling in this case occurs between the fundamental linearly polarized fiber mode and the TE-1 PCWG mode, the field prof ile of which is shown in Fig. 2(a) . This PCWG mode has a negative group velocity, resulting in contradirectional coupling as depicted in Fig. 1 , and was designed to be integrated with recently demonstrated 7 high-Q cavities formed with a similar grading in hole radius.
In previous studies of evanescent coupling to such PCWGs 5 the waveguide termination consisted of a 2-mm region of undercut silicon, followed by an 8-mm In the absence of ref lections caused by the PCWG termination (i.e., r 1, 2 0) the f iber-PCWG junction can be characterized by
where k and k 0 are coupling coefficients; t and t 0 are transmission coefficients; and a 1 F ͑z͒ and a 2 PC ͑z͒ are the amplitudes of the forward-propagating fundamental fiber taper mode and the backward-propagating TE-1 PCWG mode, respectively. The coupling region extends along the z axis, with z 0 corresponding to the input and z L to the output of the coupler. As illustrated in Fig. 1(b) , nonzero r 1, 2 introduce feedback into the system. This allows input light coupled from the forward-propagating fundamental f iber taper mode into the TE-1 PCWG mode to be partially ref lected by the PCWG termination and subsequently coupled to the backward-propagating fundamental fiber taper mode. In the presence of this feedback within the PCWG, the normalized ref lected and transmitted powers in the fiber taper are given by
for a 1 F ͑0͒ 1 and a 2 PC ͑L͒ 0. By measuring T and R and considering Eqs. (2) and (3), we can determine the efficiency of the f iber-PCWG coupling as measured by jkk 0 j.
In the measurements presented here a fiber taper with 2-mm diameter was used to probe the PCWG of Fig. 2(b). Figures 3(a) and 3(b) show T and R as a function of wavelength when the taper is aligned with the PCWG at a height of g 0.20 mm and indicate that the phase-matched wavelength is l ϳ 1598 6 5 nm. As described in Ref. 5 , coupling to the guided TE-1 mode of the PCWG was confirmed by study of the coupling dependence upon polarization, lateral taper displacement, and f iber taper diameter. Figure 3(c) shows T and R at the resonant wavelength of the PCWG nearest the phase-matching condition [the minima and maxima in T ͑l͒ and R͑l͒] as a function of taper height g above the PCWG. Included in Fig. 3(c) is the off-resonant (away from phase matching) transmission, T off , through the fiber. A maximum normalized ref lected power R max ϳ 0.88 was measured at a height of g ϳ 0.25 mm, where the corresponding transmission was T , 0.01. As can be seen in the wavelength scans of Fig. 3(a within the PCWG, we find that the high-ref lectivity PCWG end mirror is imperfect and that R max is in fact limited by mirror ref lectivity, not the efficiency of the coupling junction. For this comparison we take the elements of the coupling matrix to satisfy the relations jtj 2 1 jkj 2 1, k 0 k, and t 0 t ‫ء‬ of an ideal (lossless) coupling junction. 8 For the phase-matched contradirectional coupling considered here, the dependence of k on g can be approximated by jk͑g͒j tanh͓k Ќ, 0 exp͑2g͞g 0 ͒L͔, 9 where k Ќ, 0 and g 0 are constants. Substituting these relations into Eqs. (2) and (3), we can fit T and R to the experimental data with r 1, 2 , k Ќ, 0 , and g 0 as free parameters. 10 Waveguide loss can also be included in the model; however, it is found to be small compared with the mirror loss and will be studied in detail elsewhere. Figure 3(c) shows the fits to the data for g $ 0.20 mm; for g , 0.20 mm nonresonant scattering loss is no longer negligible and the ideal coupling junction model breaks down. Note that this scattering loss is observed to affect the ref lected signal at a smaller taper-PCWG gap than for the transmitted signal; T off begins to decrease for g # 0.30 mm, whereas R begins to decrease for g # 0.20 mm. This indicates that, within the coupler bandwidth, 1 2 T off is an overestimate of the amount of power scattered into radiation modes. From the fits in Fig. 3(c) the PCWG end mirror ref lectivities are estimated to be jr 1 j 2 0.90 and jr 2 j 2 0.52, and the optical power coupling efficiency (jkj 2 ) occurring at R max (g 0.25 mm) is approximately 97%.
In conclusion, these results indicate that this coupling scheme allows highly eff icient input and output coupling between photonic crystal devices and fiber tapers and is promising for eff icient probing of future integrated planar PC devices.
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